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Abstract 
An economic-important endangered species native to Eastern parts of Indonesia, sandalwood, has been categorized as threatened 
species due to significant degradation and habitat loss caused by heavy exploitation. As it possessed pollen limitation, low 
reproductive success and self-incompatibility mechanism, habitat loss is able to have important conservation consequences. 
Allozyme and embryology observation used in this study to determine the effect of habitat loss on sandalwood grown in two of 
Gunungkidul populations; one was well managed as ex situ conservation and another was heavily wild-harvested. Result 
indicated significant reduction on genetic variability in harvested population that may occur as result of clonality on fragmented 
or isolated habitat, in which the remnant mother trees reproduced asexually by root suckers thus each individual was identified as 
a unique single clone. A low genetic variability, in turn, resulted to inbreeding depression and sexual reproductive failure. Rare 
and missing alleles found in harvested population indicated that several alleles were no more inherited in the next generation. 
Embryology observation indicated a reproductive failure as there were little or no sexual reproduction occurred in the harvested 
population, probably due to inbreeding depression. Clonality, biodiversity reduction and sexual reproductive failure are the main 
problems should be unravelled on designing the conservation strategy of sandalwood. The genetic infusion and enhancement of 
population size is recommended.  
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1. Introduction 
An economic-important endangered species native to Eastern parts of Indonesia, Santalum album Linn 
(Santalaceae) – formerly called sandalwood – has been categorized as a threatened species because of its significant 
degradation and/or habitat loss due to high demand on its wood and oil6. A long historical research assumed that The 
Outer Arc of Banda Islands – located in the south-eastern parts of Indonesia – was a center of origin of sandalwood 
that is recently exist. It is even believed that sandalwood found in India at present is a result of gene introduction 
from Timor hundreds year ago1,10. In contrary, others argued that sandalwood comes from the southern parts of India 
11. Several researchers conclude that sandalwood in West Timor and India are of different races considering a large 
genetic distance between two countries. But, another opinion assumes that the existing genetic difference is a result 
of genetic differentiation caused by the bottleneck effect in natural selection processes1. 
Most of researches believe habitat loss and degradation as the main factor causing extinction of sandalwood all 
over the world; such as Southern India5,10, Western Australia4,15, South Eastern parts of Indonesia16 and New 
Caledonia3. Habitat loss and heavy exploitation may lead to the fragmentation of populations into fragmented, small 
and isolated remnants. In fragmented population, gene flown by pollen and seed dispersal may also be disrupted, 
resulting to strong genetic differentiation between populations due to genetic drift15. Studies of Santalum spp. have 
indicated self-incompatibility within the genus; even partially self-compatibility has been reported for S. 
accuminatum15 and S. album16. Santalum has also been observed to perform vegetative reproduction by root suckers, 
in which the sprouting of new off-springs was emerged from the roots. Clonality phenomenon occurred when most 
of off-springs in population were derived from a unique single clone5,15. If clonality and little genetic diversity exists 
within populations, and if gene flow does not occur along with populations, then the existence of self-
incompatibility mechanisms may result in an inbreeding depression and sexual reproductive failure. 
Separated researches on sandalwood reproductive biology and mating systems in Indonesia documented a pollen 
limitation due to a low production of mature pollen and – in some cases particularly as a result of inbreeding – pollen 
sterility13,14,16. A reproductive success was also observed to be very low, ranging from 0.03% in natural population to 
less than 10% in ex situ plantation16. The combination of pollen limitation, low reproductive success and self-
incompatibility mechanism consequentially brings to the condition in which habitat loss can have significant effect 
on conservation efforts. Allozyme and embryology observation used in this study to determine the effect of habitat 
loss on sandalwood grown in two of Gunungkidul populations; one was well managed as ex situ conservation and 
the other was heavily wild-harvested. 
2. Study Site 
The study was conducted at two of Gunungkidul sandalwood populations; one is heavily wild-harvested and 
another is well managed as ex situ conservation. Gunungkidul is one of the regency of Yogyakarta Province, located 
in the southern part of Java Island (110050”-110075” E; 7050”-80 S), at 150 to 160 m a.s.l of altitude. This location is 
classified into C and D of Schmidt and Fergusson climatic types that is characterized by 1900 mm yearly rainfall on 2 
to 6 rainy months, with temperature is 270C in average. In general, it represents the tropics to semi arid climatic 
region. The soil is latosols, mostly with a very shallow solumn. A sediment carbonate rocks are mostly dominated by 
limestone and marl16.  
Several sandalwood populations are found in Gunungkidul; several are occured as result of plantation program 
over decades ago, and others are emerged as natural regeneration of previous population (Figure 1). Basically, there 
are three groups of population in Gunungkidul. First group is located in the north-western part of Gunungkidul, 
consists of Nglanggeran (Patuk District), Bunder (Playen district), Bleberan (Playen District) and Wanagama (Playen 
district) populations. Second group is located in the south-eastern part of Gunungkidul, consists of Semugih (Ponjong 
District), Petir (Rongkop District) and Botodayakan (Rongkop District) populations. Each population within a group 
is separated only less than 15 kilometers in distance. Third group is only Bejiharjo (Karangmojo District) population 
that is separated more than 30 kilometers away from other populations. Study is conducted in two populations: 
Wanagama ex-situ genetic conservation and Bejiharjo population, respectively. Bejiharjo represents an isolated and 
heavily wild-harvested population; and is derived into two sub-populations. The first one was the remnant of 
plantation that was heavily wild-harvested on 1998; and another had its natural regeneration emerged after 1998.  
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For comparison, measurement was also applied on the well managed ex situ conservation in Wanagama Forest 
Research Station located in Playen District. This plantation comprises 106 progenies which are selected from seven 
provenances and landraces representing different climatic zones in Indonesia. Buat and Netpala provenances which  
belong to Timor Tengah Selatan – Nusa Tenggara Timur, and Tilomar provenance which belong to Timor, represent 
a semi-arid to arid region. Bromo landraces that is collected from Lawu mountain, Central Java, represents a tropical 
highland region. While, Wanagama and Karangmojo landraces grown in Gunungkidul, Yogyakarta, and Imogiri 
landrace from Bantul, Yogyakarta are several local landraces represent a tropical lowland region16.  
 
 
Fig 1. Gunungkidul regency and the sandalwood populations. The sandalwood populations are represented by yellow-star symbol: Nglanggeran 
(1), Bunder (2), Bleberan (3) and Wanagama (4) populations that are located in the north-western part of Gunungkidul; Semugih (6), Petir (7) and 
Botodayakan (8) populations that are located in the south-eastern ones. The Bejiharjo population is separated away from any other populations. 
Study was conducted on two populations: Wanagama ex-situ genetic conservation and Bejiharjo population (each indicated by red-star symbol, 
respectively). 
3. Materials and Methods 
Allozyme was conducted with vertical polyacrilamide gel electrophoresis procedures following David-Ornstein 
method12 with SHD (E.C. 1.1.1.25.), EST (E.C. 3.1.1.) and DIA (E.C. 2.6.4.3.) enzyme systems. For genetic 
diversity studies, 30 juvenile leave samples were randomly collected at each study site. Samples were wrapped in 
aluminium foil, frozen in ice packs and taken to the laboratory for allozyme extraction and electrophoresis. The 
leaves were homogenized in modified extraction buffer and centrifuged at 15,000 rpm for 15 min at 40C. The 
supernatant was loaded onto polyacrylamide vertical slab (Sigma Inc., USA) gels and electrophoresed at 40C at 220 
V and 200 mA current for about 3 hr. After electrophoresis, the gels were stained using staining solution of each 
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enzyme system (Seido 1993). Three enzyme systems (SHD, EST and DIA) were stained and the allozyme gels were 
genetically interpreted8,9. At each of the allozyme locus, the frequency of each allele and the genotype were counted. 
The mean number of allele (Na) per locus for each population was determined. The proportion of polymorphic loci 
for each population was estimated. For each locus the number of heterozygote genotype were counted and expressed 
as percent observed heterozygosity (Ho). The observed heterozygosity was then pooled and averaged over all loci to 
determine the percent observed heterozygosity for a population. The expected heterozygosity (He) for each locus 
and over all loci for each population in Hardy–Weinberg equilibrium was counted following the formula: He = 1 – Σ 
pi2, where pi refers to the allele frequency. Fixation index, the deviation from expected frequencies under Hardy–
Weinberg equilibrium, was measured following the formula: Fis = 1 – Ho / He.  
Indirect reproductive ability was measured by dividing number of individual bearing flowers and fruits (Ne) 
tototal number of mature individual (Nm). Germination test was conducted by germinating sandalwood seeds in 
sterile sands medium where seed viability was then measured. Tetrazolium test was done to estimate indirect 
viability by soaking seeds into tetrazolium solutes (2,3,5 Triphenyl Tetrazolium Chloride  : aquadest in 1 : 100). 
4. Result and Discussion 
4.1 Genetic Parameters: Heterozygosity, Fixation Index and Number of Effective Population 
Genetic parameters measurement for isolated and heavily-harvested population was applied in two sub-
populations found on Bejiharjo population, Karangmojo District (Figure 2). The first sub-population of Bejiharjo 
population is the first generation of sandalwood plantation that was planted during the 1960 period, as a part of 
reforestation program conducted by local government of Gunungkidul Regency. The seedlings were all collected 
from several natural populations in Rongkop District. Previously, this first sub-population was comprising more 
than 100 Ha plantations. Due to heavy wild-harvested activity during big riots in 1998, there are only 47 mature 
trees left in less than 2 Ha remaining stands recently; most of them were found as new sprouting emerged from 
harvested trees. However, the heterozygosity observed to be moderate, probably due to a broader genetic base as the 
plantation was made from various seed sources. No seedlings found on this population, probably due to the 
immature young shoots that were vegetatively reproduced from sprouting. 
After 1998, the second sub-population had arisen 2 km apart from the first one as a result of regeneration from 
the remnant mother trees. This second sub-population was established from seedlings that had been collected from 
first sub-population before it was heavily-harvested in 1998. In this second sub-population, clonality occurred as the 
mother trees reproduced asexually by root suckers, and in turn each individual was identified as a unique single 
clones resulting to a very low genetic base. This clonality phenomenon was consequentially resulting to inbreeding 
that was leading to a very low heterozygosity in the next generation, particularly at the seedling level. Rare and 
missing alleles (data not shown) indicate that several alleles were no more inherited in the next generation. A 
positive value of fixation index (FIS) also indicates reduction in heterozygosity due to inbreeding and/or random 
genetic drift (Table 1).  
Naturally, sandalwood seeds are able to be dispersed by birds to more than 5 kilometers in distance2,16. The 
optimum pollen flow, that were transmitted by Lepidopterans, Dipterans and Hymenopterans, was 42 m16. 
According to the possible distance of gene flow, Bejiharjo population may categorized as small and isolated 
population. This population was separated more than 30 kilometers away from any other groups. Species with 
isolated and smaller population size subjected more to extinct due to ecological, demographical and genetics 
reasons. Small and isolated population undergo reduction on genetic variation due to genetic drift and increase of 
homozygosity within population. It may enhance probability of inbreeding that leading to lower reproductive ability, 
fitness and survival. The off-springs formed as a result of inbreeding may also undergo inbreeding depression15. 
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Fig 2. The study sites: (1) Population Bejiharjo: the first sub-population that was heavily wild-harvested, leaving the remnant mother trees (up-
left), most of them were found as new sprouting emerged from harvested trees (up-right); and the second sub-population that was established 
from seedlings that had been collected from first sub-population before it was heavily-harvested in 1998 (down-left). And (2) population 
Wanagama that is well managed as ex situ genetic conservation (down-right). 
Table 1. Genetic parameters measured on Bejiharjo and Wanagama population:  
He = expected heterozigosity, Ho = observed heterozigosity, Fis = fixation index, Nm = number of mature trees, Ne = effective 
population size (number of flowering trees) 
Population Genetic Parameters 
 He Ho Fis Nm Ne Ne/Nm (%) 
Bejiharjo- 1st generation 
(first sub-population) 0,373 0,320 0,116 47 0 0 
Bejiharjo- 2nd generation  
(second sub-population; tree 
level) 0,423 0,462 -0,104 449 14 3,12 
Bejiharjo- 3rd generation 
(second sub-population; 
seedling level) 0,313 0,180 0,335 - - - 
Wanagama 
(tree level) 0,403 0,487 -0,103 316 42 13,29 
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For comparison, genetic measurement was also made on the well managed ex situ conservation in Wanagama 
that was located in Playen District (Figure 2). This plantation consists of a broader genetic base: 106 families that 
were derived from seven different provenances. Heterozygosity observed to be higher both at the mother trees and 
off-springs level. A negative value of FIS indicated a highly outcrossing rate, and no missing alleles were found.  
Habitat fragmentation is a major factor reducing population fitness. It leads to genetic bottlenecks as the 
remaining trees contain only a small sample of the original gene pool4. Many studies have shown that fragmented 
and isolated populations of outbreeding species tend towards selfing. The small population-size particularly favours 
inbreeding depression and genetic drift resulting to less genetic diversity and reproductive fitness, increasing the 
probability of extinction7. 
Allozymes detected very small variation within population in Bejiharjo, suggesting that it consisted of a single 
or very small number of genets. Several factors may explain the low level of diversity in sandalwood. Considerable 
remoteness of arid and semi-arid regions could result in a significant effect. The resulting small populations led to 
an increase of the rate of allele loss through genetic drift, resulting in a lower diversity. Generally, a localized clonal 
spread may mate each other through sexual reproduction and favour high levels of between-ramet self-pollination 
(geitonogamy) which may increase the homozygosity. Consequently, significant heterozygote deficits, symbolized 
by positive FIS, were expected in populations of sandalwood, particularly in those severely affected by clonality7. 
Many of the remnant populations may have once consisted of a single stem, with population expansion 
occurring by root suckering. Clonal patches up to 10 m across within Bejiharjo populations were observed. The 20 
m horizontal roots formed within populations of S. acuminatum15 and 7 to 10 m in S. album2 have also been 
documented.  
There were two reasons for the extensive clonality in this species. First reason was the over exploitation which 
induced root suckering from the cut-off tree. Second, explanation for marked clonality was according to the strategy 
of the species in responding to environmental stresses. In dry rocky inaccessible slopes, clonality was also present 
despite a low or nonexistent human impact7. At these sites, the relative importance of clonal versus sexual 
recruitment may be strongly influenced by environmental factors: on steep and windswept ridges with skeletal soils, 
where rock falls and landslides are frequent, seed germination is unlikely, but wounded sandalwood roots can 
generate ramets by shoot production. However, root suckering was likely to be a way of survival for remnant 
populations in the absence of regeneration by seeds. In such condition, genetic diversity was not recovered by sexual 
reproduction, and populations were mainly composed of genets which survived the over exploitation7,15. This 
clonality phenomenon has also been reported in other populations such as Santalum lanceolatum in Australia15, S. 
insulare in the insular Pacific7, S. album in peninsular India10 and Southern India5, S. spicatum in Western 
Australia4, and S. austrocaledonicum in New Caledonia3. 
4.2 Sexual Reproduction 
A low genetic variability, in turn, was leading to a sexual reproductive failure. Embryology observation showed 
little or no sexual reproduction occurred following flowering and pollination. In Bejiharjo population, 92 out of 449 
mature trees were observed to bear flowers; but only 14 out of the flowering trees were produced fruits. Flowers and 
Wanagama 
(seedling level) 0,344 0,382 -0,098 - - - 
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fruits abortion was observed at any stages, probably due to both pre- and post-zygotic inbreeding depression (Figure 
3). 
 
(a) 
 
(b) 
 
(c) 
Fig  3. Abortion of sandalwood fruit both at pre-zygotic (a) and post-zygotic (b) level, and the failure-germinated seed (c) 
Germination test showed only 2 out of 62 seeds were germinated, while the rest were failed. Tetrazolium test 
was also showed unviability of seeds collected from Bejiharjo compared to those of Wanagama population, 
respectively (Figure 4). 
 
 
Fig  4. Tetrazolium test of sandalwood seeds collected from Bejiharjo (right) and Wanagama (left) population, 
respectively. Viable seeds indicated by red colour of endosperm and embryo. 
 
This study indicates that sandalwood in Bejiharjo populations exists mostly by vegetative reproduction. This 
may reflect the history of disturbance and fragmentation of the populations due to the extreme wild-harvesting 
activities, coupled with disrupted gene flow and possibly genetic drift. Little or no fruit production is occurring in 
the remnant populations, and it can be attributed to pollen sterility, pollen-pistil incompatibility or pistil dysfunction 
resulting in little or no fruit initiation15. 
The final fruit set reported in Bejiharjo population was somehow less than values reported for S. lanceolatum 
(1.18%15), S. album (5.3%14), and S. spicatum (1.3%13). In contrary, the final fruit set in Wanagama population was 
reported to be the highest (9-17%16). Limited or failed sexual reproduction might be resulted from pollen-pistil 
incompatibility or pistil dysfunction. Self-incompatibility partly explains the low fruit set. Pollen deposition was 
considerable and many pollen tubes entered the stigma following both natural and hand-pollination, but most tubes 
were arrested within the style or ovary15,16. Poor fruit set in the remnant populations may also resulted from poor 
pollen deposition due to limited pollinator visitation15.  
Habitat fragmentation can have important conservation consequences for clonal plant species that possess self-
incompatibility mechanisms, as lack of genetic variability within remnant populations may result in sexual 
reproductive failure. Depletion and fragmentation of populations may also result from wild-harvesting of species of 
economic importance, a process which has been described for many species valued for their timber. Habitat loss and 
commercial exploitation may lead to the fragmentation of populations into small, isolated remnants potentially 
susceptible to reduction in habitat quality. For plant populations in fragmented landscapes, gene flow by pollen 
dissemination and seed dispersal may also be disrupted, resulting in strong genetic differentiation between 
populations, aided by genetic drift. If little genetic diversity exists within populations, and if gene flow does not 
occur between populations, then the existence of self-incompatibility mechanisms may result in little or no fruit 
production 3,4,5,7,15. 
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5. Conclusion 
 
There is significant reduction on genetic variability in harvested population that may occurred as result of 
clonality on fragmented or isolated habitat. A low genetic variability, in turn, results to inbreeding depression and 
sexual reproductive failure. Rare and missing alleles indicate that several alleles are no more inherited in the next 
generation. Embryology observation indicates that there are little or no sexual reproduction occurred in the 
harvested population. 
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